Propolis is a "natural" remedy with prominent biological activity, which is used as dietary supplement. In the absence of clinical studies that would substantiate these claims, information on the biological activity of propolis is valuable. This study comprises chromatographic, image processing and chemometric approach for phenolic profiling of Serbian, Croatian and Slovenian propolis test solutions. Modern thin-layer chromatography equipment in combination with software for image processing was applied for fingerprinting and data acquisition, whereas the principal component analysis was used as pattern recognition method. Characterization of phenolic profile was performed along with the determination of the botanical and geographical origin of propolis. High-performance thin-layer chromatograms reveal that Central and Southeastern European propolis samples are rich in flavonoids. In addition, phenolic compounds proved to be suitable markers for the determination of European propolis authenticity.
Introduction
Propolis is a resinous natural substance collected by honeybees (Apis mellifera L.) from different plant sources such as plant buds and exudates. During the production of propolis, honeybees mix resinous plant material with wax and β-glycosidase and make chemical changes in plant resin. Being used in folk medicine in ancient times, propolis has been recognized as antibacterial, antiviral, antifungal, antioxidant and anti-inflammatory agent. In that sense, it is used in the food industry (beverages, health foods and nutritional supplements), cosmetology and pharmaceutical products such as toothpastes, soaps and syrups. It is still one of the most frequently used remedies in the Balkan states, applied for the treatment of wounds and burns, sore throat, stomach ulcer, etc. (1) .
The main constituents of propolis are plant resin (50%) and beeswax (30%), whereas minor constituents are aromatic oils (10%), pollen (5%) and other organic compounds (5%). Chemical composition of propolis is qualitatively and quantitatively variable, depending on the vegetation in the area from which it was collected, geographical and climatic factors, and collecting seasons (2) . Several propolis types have been confirmed, based on the plant sources and the geographical region of collection, (i) temperate zone, originated mainly from Poplar sp. (Populus nigra, P. alba, P. tremula) with a minor contribution of the secondary sources such as Quercus, Aesculus hippocastanum, Ulmus, Picea, Alnus glutinosa, Betula pendula, Salix alba and Pinus sp. (3), (ii) tropical areas type, devoid or containing traces of poplar constituents, but rich in other species such as Araucaria angustifolia, Baccharis dracunculifolia, Eucalyptus citriodora, Clusia sp., Dalbergia genus, etc. (4) . Poplar-type propolis contains over 420 compounds classified as phenolic acids and their esters, flavonoids including flavones, flavanones, flavonols and dihydroflavonols, chalcones and dihydrochalcones, terpenoids, others such as acyclic hydrocarbons and esters of higher alcohols, alcohols, aldehydes, amino acids, aromatic hydrocarbons, fatty acids, ketones, sterols, sugars and sugar alcohols (5) . The chemical constituents responsible for beneficial biological activity of poplar-type propolis are flavonoids (including flavones, flavonols, flavanones and dihydroflavonols) and other phenolics (mainly substituted cinnamic acids and their esters) (4, 6) .
Several separation techniques such as high-performance liquid chromatography (HPLC), gas chromatography as well as electrophoresis, hyphenated with structure elucidation techniques were developed for the separation and identification of phenolic compounds from propolis (7) (8) (9) (10) . Due to its simplicity, low cost and possibility of simultaneously analysis up to 20 samples under identical conditions, high-performance thin-layer chromatography (HPTLC) was recognized as a tool for fingerprint analysis of complex mixtures such as food samples (11) or plant extracts (12) (13) (14) (15) (16) (17) (18) (19) (20) . A set of characteristic chromatographic signals treated as unique multivariate fingerprint, i.e., multidimensional vector, and combined with multivariate image analysis and pattern recognition methods could be used for classification of the samples.
On the basis of HPTLC fingerprint analyses of propolis originating from Germany, Romania and Serbia, authors recently suggested the presence of two main types of European poplar-type propolis, so-called orange (O) and blue (B) ones (21) (22) (23) . Chromatograms of the orange variety of propolis samples were characterized with almost identical pattern, very similar to those of the black poplar (P. nigra) extracts, indicating their origin. Phenolic profiles of the blue variety samples were mutually quite different and were correlated to a certain extent with the aspen (P. tremula) as well as with both types of horse chestnut (A. hippocastanum L.) (24) .
In our previous articles, we characterized phenolic profile of Serbian propolis sample test solutions by HPTLC and ultrahighperformance liquid chromatography coupled with mass spectrometry, which combines the Linear Trap Quadrupole (LTQ) and OrbiTrap MS/MS mass analyzer (8, 22) . The chemical composition of the analyzed samples confirmed their affiliation to the European poplar-type propolis and the existence of two sub-types (orange and blue) according to its phenolic profiles. Orange type of propolis was predominant and shows almost identical chemical pattern, whereas blue type of propolis was mutually quite different. A total of 75 phenolic compounds were identified by UHPLC-LTQ OrbiTrap MS. It was possible to identify 15 phenolic acids and derivatives, 1 flavan-3-ol (catechin), 10 flavonols and their ether derivatives, 10 flavanonols and their ester and ether derivatives, 7 flavanones and 10 flavones, 4 glycosides and 12 phenolic glycerides. Although the chemical composition of European poplar propolis is similar, observing a literature certain differences could be noticed depending on botanical source of propolis as well as on its regional origin. In that sense, the main aim of the current study is comprehensive phenolic profiling of propolis from three neighboring countries, located on relatively small territory (∼600 km between the most distant sampling sites) using HPTLC method in order to confirm the presence of two different varieties of poplar-type of propolis, known as orange and blue types. Also, the focus of this article is the assessment of botanical and geographical origin of Serbian, Croatian and Slovenian propolis. Besides, principal component analysis (PCA) as an unsupervised chemometric technique was applied in order to extract full information from chromatograms, confirm similarity/dissimilarity between samples, as well as identify characteristic markers of their geographical and botanical origin.
Experimental

Chemicals and reagents
Toluene and ethyl acetate were purchased from Merck (KGaA, Darmstadt, Germany); 2-aminoethyl diphenylborinate (NTS) from Fluka (Steinheim, Germany); methanol, polyethylene glycol (PEG) and phenolic standards (chlorogenic acid, gallic acid, myricetin, caffeic acid, ferulic acid, naringenin, chrysin and galangin) from Sigma-Aldrich (Steinheim, Germany) and formic acid from Kemika (Zagreb, Croatia). All the solvents used for extraction and mobile phase preparation, as well as for plate derivatization, were of analytical purity grade.
A total of 39 propolis samples were representatively collected by mechanical removal of the propolis from the hives in Serbia (Ser, 23 samples), Slovenia (Slo, 9 samples) and Croatia (Cro, 7 samples), countries positioned in the Central and Southeastern Europe. Sampling took into consideration the evenly geographic positioning of the apiary locations throughout the territories as well as the nature of primary beekeeping production (conventional, organic). In addition, two samples originating from France (Fra) and Brazil (Bra) were studied.
Propolis sample test solutions
Approximately 1 g of raw propolis was suspended in dichloromethane (10 mL), ultra-sonicated for 15 min and centrifuged at 5,900 r.p.m. for 10 min. The supernatant was collected and the solid residue was re-extracted. The supernatants were combined and the solvent was evaporated to dryness by using a stream of nitrogen. Dry residues were dissolved in methanol to a concentration of 10 mg mL −1 and stored at −20°C for further analysis. Before analysis, sample test solutions were filtered through a 0.45 µm polytetrafluoroethylene membrane filter (Supelco, Bellefonte, PA, USA) and 1 mL of this solution was transferred into autosampler vial.
Preparation of standard solutions
Stock solutions of standards: chlorogenic acid, gallic acid, myricetin, caffeic acid, ferulic acid, naringenin, chrysin and galangin (1 mg mL −1 ) were prepared in methanol and further diluted with the same solvent to obtain working solutions (25 µg mL −1 ). A mixture of all eight standard solutions was prepared by mixing 1 mL of each working solution.
High-performance thin-layer chromatography
Aliquots of 2 μL of propolis extracts were applied to the 20 × 10 cm silica gel HPTLC plates (Art. 105641, Merck) as 8 mm band by using Automatic TLC sampler 4 (ATS4, CAMAG, Muttenz, Switzerland). Plates were developed with a mixture of toluene-ethyl acetateformic acid (6 : 5 : 1, v/v/v) in the saturated (20 min) twin trough chamber up to the distance of 70 mm. Developed plates were dried for 5 min with a hairdryer. The plates were than heated for 3 min at 100°C on TLC Plate Heater III (CAMAG) and immediately dipped in 0.5% solution of NTS in ethyl acetate for 1 s, by using Chromatogram Immersion Device III (CAMAG). After 5 min of drying in the air, the plates were immersed in 5% solution of PEG 400 in dichloromethane for 1 s, for enhancement and stabilization of fluorescent zones. Images were captured at 366 nm with DigiStore 2 device image analyzing system in conjunction with Reprostar 3 (CAMAG). Four apertures with exposure time of 30 ms and frame of −2 mm were applied. The photos were stored as TIF files for further image processing.
Image processing and data analysis
Images of the chromatograms were processed with the ImageJ processing program (http://imagej.nih.gov/ij/, ver. 1.47q, Rasband W. National Institutes of Health, USA). Each plate photo was split in three channels, red (R), green (G) and blue (B). Deionizing of the images was achieved using median filter function with 2 pixels width filter. Differences in the background intensity between images were removed with the use of a bandpass filter (filter large structures down to 40 pixels, filter small structures up to 3 pixels). Normalization of the images was performed by using standard normal variate transformation which removes the slope variation from chromatogram caused by scattering and variation of the particle size. The warping of the images was done with correlation optimized warping algorithm implemented in the PLS ToolBox, v.6.2.1, for MATLAB (7.12.0 (R2011a) (http://www.eigenvector.com/software/ pls_toolbox.htm, Eigenvector Research, Inc., Wenatchee, WA)), using auto-selection of target sample due to the large differences in the chromatographic profiles.
PCA was carried out by PLS ToolBox. The data were additionally pre-processed by using mean centering, which is the preferred option when the classification of the samples is based on variables that are all measured in the same unit and of similar absolute value. PCA was carried out as an exploratory data analysis using a singular value decomposition algorithm and a 0.95 confidence level for Q and T 2 Hotelling limits for outliers.
Results
HPTLC chromatograms of propolis sample test solutions are presented in Figure 1 . Each sample has been marked with corresponding botanical and geographical origin. A mixture of phenolic standards was simultaneously analyzed under the same conditions ( Figure 1 ). Chromatographic system was optimized regarding the resolution of phenolic acids and flavonoids. Previously for the separation and identification of phenolics in Serbian propolis sample test solutions, we used aminomodified layer which has contributed to chromatograms with higher number of sharp bands with maximum separation efficiency and lowest background noise. However, in order to obtain the results that are more comparable with literature data, here we used a typically normal-phase system consisting of silica gel stationary phase and a mixture of two solvents of various polarities as developing solvent. Formic acid is added to the mobile phase to suppress the ionization of acidic groups and improve the shape of chromatographic bands (25) . Stored images were split through the red, green and blue channels to increase the selectivity in case where chromatographic resolution was to some extent altered. Bands that correspond to phenolic compounds after derivatization and observing under 366 nm gave intensities of colors of the RGB channels and enable to differentiate compounds according to their fluorescent colors. Post-correction of the images at certain channel was further applied since the chromatographic process in TLC method goes under an open system and produces some unexpected contamination that could be occurred during the development and visualization. Proper pretreatment of the signals was performed respecting all the important steps in image processing such as deionizing, background correction, target peak alignment, normalization and centering by the procedure described in Experimental section (26) . Raw data versus pre-processed data are presented in Figure 2 . Data obtained by the ImageJ software represent the measure of the intensities of pixels along the solvent front. The line profile plots of chromatograms corresponding to one Serbian propolis test solution (sample no. 17) and adjusted to its three RGB channels are presented in Figure 3a . Red channel contributes to the chromatographic peak of orange bands, whereas blue channel is appropriate for blue bands. Also, line profile plots of chromatograms of propolis sample test solutions with various geographical origins showed different chemical pattern (Figure 3b) .
Properly recorded, extracted and pretreated data were exported for further multivariate analysis. PCA was applied on the matrix obtained by digitization of the chromatograms (41 samples × 451 variables), for each channel and for both chromatographic systems, separately. Variables represent the intensities of pixels along the 451 length lines. PCA was performed on the results obtained for each channel, separately, and the best classification and best model performances were achieved with red channel probably due to the significance of orange colored bands for classification. Hence, only these results will be presented.
The PCA resulted in a three-component model which explains 87.22% of total variance. The first principal component (PC1) accounted for 68.04% of the overall data variance, whereas the second one (PC2), for 10.05%. Mutual projections of the factor scores and their loadings for the first two PCs are presented in Figure 4 .
Discussion
Phenolic profiles of propolis sample test solutions
Propolis is a complex mixture that contains a vast number of compounds; separation and evaluation of which is very difficult. Instead of focusing on individual compounds, thin-layer chromatographic profile could be taken into consideration for an assay of authenticity and quality of propolis. Serbia, Slovenia and Croatia belong to temperate region in which propolis mainly originates from Poplar sp. exudates rich in phenolics such as flavones and flavanones, phenolic acids and their esters (3, 27) .
Chromatograms of sample test solutions and standards confirmed that the existing vast number of less polar compounds exhibited higher R F values such as hydroxycinnamic acids, flavanols, flavanonols and flavones. TLC chromatograms indicated differences in phytochemical composition of analyzed extracts and confirmed the existence of two main types of poplar propolis. One group of samples, previously marked as orange-type propolis, contains several strong orange bands and few light blue and faint green bands. On the contrary, blue type is characterized with deep and light blue bands, and weak orange and light green bands. Homogeneity was observed among chromatograms of orange-type propolis, whereas blue-type propolis showed chromatograms with quite different patterns and lower intensity of zones, indicating lower content of phenolics. In our previous article, we applied different extraction procedure, different stationary phase (for TLC analysis) and different chromatographic method (ultrahigh-performance liquid chromatography coupled with hybrid mass spectrometry) (8, 22) but obtained the same result: propolis from Central and Southeastern Europe is rich in flavonoids.
Visual examination of the chromatograms also revealed a difference in chemical composition between the propolis sample test solutions of different geographical origin. Serbian propolis sample test solutions mainly corresponded to orange type, Croatian samples also showed profiles of orange type but with less intensive bands, whereas chromatograms of Slovenian test solutions mainly reflected patterns characteristic for blue-type propolis.
Planar-chromatographic profile of Brazilian sample test solution was quite different from others. It shows absence of bands characteristic for phenolic compounds which is consistent with characteristics of tropical areas of propolis type, rich in other substances that include prenylated derivatives of p-coumaric acid, diterpenes and lignans (28) , prenylated benzophenones (28, 29) and prenylated flavonoids. Propolis sample from France gave intensive bands in the area of flavonoids and shows a profile different from Central and Southeastern Europe samples confirming different chemical composition of poplar propolis.
Botanical and geographical origin of Serbian, Slovenian and Croatian propolis
Chromatographic profiles provided basic information regarding phenolic composition but in order to select the factors that are able to precisely characterize the authenticity of propolis, in the light of its geographical and botanical origin, further multivariate image and data analysis must be applied.
To extract the maximum useful information from the huge dataset provided by HPTLC, to detect possible outliers and to identify similarities and specific grouping among samples, PCA was applied after the appropriate post-correction of the photo. Two propolis sample test solutions, samples from Brazil and France, exceed the limits imposed by the Hotelling T 2 95% probability ellipse, and they could be considered as outliers (Figure 4a ) indicating their different phenolic profiles compared with propolis sample test solutions from Central and Southeastern Europe. All other samples formed partially separated clusters indicating their geographical origin. There is some overlapping of Hotelling T 2 ellipses among Serbian and Croatian propolis sample test solutions, whereas investigated Slovenian propolis samples are firmly clustered and distant from the others. Within each group, the samples are dissipated in a broader range of the PC1-PC2 score space. Although the area of investigation was relatively small (∼600 km between the most distant sampling sites), phenolic profiles were different enough to separate samples according to their geographical origin, each characterized by own respective climatologically features. Even if the chromatographic profiles did not indicate the existence of any differences, a sophisticated chemometric method comprehended the dissimilarity level of the analyzed sample test solutions. Existing differences are probably due to the different soil types present in three investigated countries and different climatic conditions (sunlight, moisture) that influence the chemical composition of local flora, which is exploited by the bees.
To explore botanical origin of samples, i.e., to verify the classification assumed according to chromatographic profiles, labels of samples were changed to O (orange) and B (blue) and two outliers were excluded. Score plot reveals two distinct groups of samples that correspond to two types of poplar propolis. There was also some overlapping of three test solutions (samples 14, 20 and 28) marked as blue type with a cluster consisting of orange-type samples. These samples contain a pattern with some bands, i.e., compounds, characteristic for orange propolis.
The corresponding loadings plot displays relationships between variables and can be used to identify variables that contribute to the positioning of the objects on the scores plot and hence influence any observed groups in the dataset (Figures 4a and b) . The loading plots revealed that the zones with R F values 0.60, 0.54, 0.49, 0.68, 0.45 and 0.40, in descending order, are variables that have the most positive impact on PC1 direction. Zones with R F values 0.47, 0.64 and 0.77 significantly affect the PC2 in a positive manner. These zones are responsible for discrimination among the samples of different geographical and biological origin.
Conclusion
This article comprises advanced HPTLC technique with image analysis and chemometrics for characterization of phenolic compound profiles of Serbian, Slovenian and Croatian propolis sample test solutions and for determination of their botanical and geographical origin.
Propolis composition is tightly associated to its botanical origin, which is closely related to the geographical area from which propolis is originated. The same floral origin of the propolis might have quite different chemical composition, as accumulation of phytochemicals depending on climatic conditions (sunlight, moisture), soil characteristics and presence of different minerals arising from soil. This article confirmed the possibility to relate the chemical profiles of propolis of the same botanical source with their geographical origin. Still, it must be emphasized that more sophisticated techniques, such as HPLC coupled with mass spectrometry, must be applied for more detailed analysis.
